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Abstract 

This paper presents the development of a low-cost, 
regeneratively-eooled thrust chamber for the Fastrae 
engine. The chamber was fabricated using 
hydraformed copper tubing to form the coolant jacket 
and wrapped with a fiber reinforced polymer composite 
material to form a structural jacket. Die thrust cnamber 
design and fabrication approach was based upon Space 
America. Inc.'s 12,000 lb, regcncraiively-cooied 
LOX/kerosene rocket engine. Fabrication of 
resieneratively cooled thrust chambers by hibewail 
construction dates back to the early INS. ballistic 
missile procrams. The most Mendicant innovations in 
this design was the development of a low-cost process 
for fabrication from copper tubing t nickel alloy was the 
usual practice i and use of graphite composite overwrap 
as the pressure containment, winch yields an easily 
fabricated, lightweight pressure jacket around the 
copper tubes. A regenerativelv-eooled reusable thrust 
.number can benefit the Fastrae engine program ny 
allowing more efficient (cost and schedule) testing. A 
moof-of-concept test article has been lubricated and 
will be tested at Marshall Space Flight Center m me late 
Summer or Fall of 2000. 

I ntroduction 

'he haMrac cneine wman . mn 
osiei ..■cnnoioev aoeiam. •cci,;c,.i.v 

lemonstrate that off-the-shelf products and commercial 
practices could be used to develop low-cost rocket 
engines. Initially, the Fastrae engine was intended for a 
ground launched expendable booster, but early in the 
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design cycle it was chosen as the propulsion system for 
the X-34 high speed research vehicle. Since moving 
into the flight development stage, the engine has been 
re-designated the MC-1. 

Space America, Inc. (SAI) submitted a proposal 
under NASA Research Announcement 8-21. cycle 2 to 
.evetop a regeneratively-eooled thrust chamber for the 
Fastrae engine. The thrust chamber would be based on 
; he design and fabrication processes demonstrated in 
SAIN 12.000 lb, thrust (12K). regeneratively-eooled, 
I. OX/kerosene thrust chamber. 

A regeneratively-eooled thrust chamber could 
cnefit the Fastrae nume program by providing a 
reusable thrust chamber, thus allowing more cost 
efficient testing and operation. This paper will discuss 
lie design and fabrication of the rroof-of-eonccpt test 
article ana the test program that wui be conducted with 
die chamber. 

Scscarch t )bjccn ves 

The obicctive of the contract was to evolve the 
ibrieation approaches used by SAI in the construction 
i tiie i2K thrust chamber to a higher fidelity unit 
which could underco hot-fire testing with the Fastrae 
main injector. Specifically, the research objectives are 
lie toilowme: 

r-air;," -ve'e-p a moncnio -cenerativeiv cooled 
-.rue: c pamper *: r me Fastrae ; prune i.smq tne low cost 
eqeneratively cooled thrust cnamoer methodology 
developed by SAI for the 12K chamber. 

* Develop conceptual layouts for integrating a 
regeneratively cooled thrust chamber into the Fastrae 
engine assembly, with specific application to integration of 
, mom erativer. memo .-...strac oioom u to .ne X-34 flight 
:est program. 

• Provide a proof-of-concept test article to MSFC for a 3- 
:-st series in IS 116. The test anicie wiil be tested at the 

same operating conditions as the current thrust chamber 
assembly testing. Thermal data will be obtained to 
measure tne cuk coolant temperature increase and the 
temperature at the coolant tube/composite jacket 
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interface. This test article will be examined to investigate 

life limiting hardware issues. 

Background 

The Fastrac engine was initially intended to be a 
booster engine for low cost expendable launch vehicles. 
A number of design approaches were taken to make the 
engine easier to produce to achieve the low cost 
objective. Primary among these was the use of 

simplified designs to enable fabrication with 

commercially available machining equipment. Using 
ablative nozzles provided a good solution to that 
problem. The Fastrac engine became the X-34 main 
propulsion system and final development was based on 
that application. A significant amount of the hardware 
design was essentially frozen, and redesign to increase 
the reusability would have adversely impacted the cost 
and schedule of the engine. The Fastrac ablative 
nozzles are designed for a 300 sec burn duration, or a 
23 sec engine acceptance test and a iuii duration i i 55 
sec) burn during a X-34 mission, it is a 30: ! expansion 
ratio nozzle, but the nozzles are often truncated at 15:1 
for sea level development testing. The Fastrac engine 
operates at a chamber pressure 4 ^33 psia and 
produces bO.OOO lb. vacuum thrust. 

Space .America, inc. is developing a ;amiiv of low- 
ost commercial rocket vehicles including sounding 
rockets, military target vehicles, anu iigitt and medium 
class expendable launch vehicles. Regenerative! y 
.ooled thrust chambers are cost ciliciem for Space 
America's main propulsion systems by allowing 
additional development testing without having to 
replace disposable thrust chambers, ’’lie cost effieienev 
ncreases if the vehicle or stage is recovered. 

SAI began evolutionary development of 
egeneratjvely-cooied lox/kerosene rocket engines at 
the 4000 lb, thrust level with partially-cooled thrust 
chambers. The 4K engines provided valuable 


experience and test data and led to development of a 
12,000 lb, regeneratively-cooled engine. The 12K 
engine is fully regeneratively-cooled. using copper 
tubes hydraformed and shaped to fit together to form 
the nozzle and chamber contour. The graphite 
structural overwrap approach that had been entirely 
successful at the 4K level was maintained. A test 
apparatus was built to develop and prototype the net- 
shape hydraforming process. Figure 1 shows the 
chamber during assembly (photo on the left is the 
tubewall assembly partially welded, and the photo on 
the right is the fully assembled chamber after 
application of the graphite reinforced composite 
overwrap jacket). 

Application to Fastrac Engine 

A regencrativelv-cooled thrust chamber can benefit 
the Fastrac engine development program in many ways, 
ft allows increased development testing without the 
me and expense of replacing ablative nozzles. 
Regeneratively-cooled engines are generally expected 
lo provide approximately 1 9c increased performance, 
although the counteracting real processes inside the 
combustion chamber may lend to dissipate that 
theoretical increase. In the X-34 program, or any 
'cusable vehicle, a regeneratively-cooled engine also 
sec rcases program cost. cneduie. and risk by 
eliminating the requirement to install a new nozzle after 
uch mission. 

Rrogruin Philosophy and Approach 

An aggressive schedule was established in order to 
produce test hardware lor an anticipated test stand 
availability approximately 6 months from contract start. 
^Concurrent design practices were utilized to enable the 
design to progress based upon first-order calculations 
while higher-order analyses were being developed 
independently by consultants - when the higher order 



Figure 1 - Space America 12K Regen-Cooled Lox/Kerosene Engine 

Left - Dunne Weld-up: Rieiit - . \iter Composite Jacket Fab 
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analyses were obtained, that information was 
incorporated into the hardware design. The program 
was planned with four primary tasks; preliminary' 
design, detailed design, fabrication, and Lesting. 
Reviews were held with MSFC at key milestones in the 
program. 

Initially, the preliminary design focused on key 
areas of technical risk. A primary objective of this 
program was to demonstrate that fabrication of a 
regenerativeiy cooled Fastrac thrust chamber can be an 
economical alternative to the current ablative chambers. 
Therefore, the proof-of-concept test article needed to be 
representative of any eventual llight units. This 
presented a number of conflicting requirements, 
principally, the ability to design the chamber for testing 
as a thrust chamber assembly while maintaining the 
ability to integrate it into the engine system. The chief 
concern was the ability to develop designs and 
fabrication processes for the manufacture oi a single 
•nxiuction unit, while minimizing me design manges 
needed for increased production. 

The Space America, inc. i 2.000 Ibf rocket engine 
operates at 250 psia clumber pressure mid is 
egenerative-cooled to an area ratio of approximately 
: i . it lias a b.9" diameter mroai. a iD.V comnustion 
.aamber diameter and is anproxmuuclv . ■■ng. ".c 

2K engine uses liquid imecuon mrust \ecior control 
aid the side force me composite nickel must carrv w 
elalivelv minor. c)v conirasi. me Fastrac ■ . ngine 
aerates Lit o33 psia. nas <*. -.25** aumeicr .a.roat. 

; 1 .2X2" combustion chamber diameter, and the m:! 
rea ratio nozzle is approximately ion g. ’he 

astrac engine is gimbaied ana uses iwu actuators w 
opiv force to move ihc engine to direct me mrust. de 
nercased operating pressure, . rger noz/ie. cut me 
VC loads Lire mgmlieant > ^nations men - ere 
addressed during the design. Additionally, SAI 
aentitied that the larger nozzle necessitated the use of a 
u furcation of the lubes io qounie me rummer * tunes 
■ oie divergent no//ie. 

onsisteu oi three separate. at parallel ..cavities: 
fabricating subcomponent Lind assembly fooling, 
fabricating the hydraformed tubes, and fabricating the 
manifold parts. Throughout fabrication of the test 
article parts, inspections and tests were conducted in 
v on mm.v ” !, h ■ f wc;fied •”*'••• mur-'*' r ' 
oung naa to ne designed ana custom emu tor mis 
project, partly due to the physical difference between 
he Fastrac chamber and Space America's I2K engine 
and partly to solve problems identified during 
fabrication of the 12K chamber. Fabrication tooling 
■ciudcd hvdraform molds, :upc ^reshape .mu rreiorm 
mis. ... hydraulic lyciraiorming ysicm. utu 


miscellaneous alignment and fixturing tools. The 
assembly tools included a horizontal assembly cart, a 
vertical assembly pallet, an assembly mandrel, and 
miscellaneous alignment and fixturing tools. 

Design 

The preliminary design effort defined the 
functional requirements, updated the conceptual 
designs, and reevaluated proposed manufacturing 
techniques. The contract required fabrication of a 
single thrust chamber for design verification testing. 
Fabrication of additional regenerative thrust chambers 
is highly uncertain, and depends upon the performance 
of the component during testing and upon the direction 
of the MC-1 engine and X-34 programs. Thus, design 
and fabrication approaches were reviewed during the 
preliminary design effort to determine the optimum 
approach lor fabrication of the lest article, and to define 
ueas that could and would be improved if production 
i the : egen-mrusi chambers was needed. This section 
vi II present the derived requirements for design of the 
;cst article, design trade studies, and integrated engine 
concepts. 

Vsicn Requirements 

since mture maceration mao the Fastrac engine 
vsemniv i> me purpose oi this development, defining 
ic interlaces was the lirst priority. Two sets of 
interlaces anu design requirements exist - lirst for the 
cst ariieie ana ns icsiiug at MSFC. ,.nd second for the 
•megration of a reeen-cnamber into l he Fastrac engine 
...vsemblv. everai trade si udies were performed, 
iciuding aides i etermme die feed line 
onii guration. me coolant circuit i one-pass or pass-and- 
:-haitl. .mu fabrication processes for lube-tube and 
anewaii-mamiold joining ana the composite jacket. 

The coolant tubes must be primed with fuel prior to 
larting die main combustion chamber. The life of a 
noiant nine without coolant flown .a die heating rate 
mamma miiannc mmare. ms dian naif a 

;emu ^ mil teurauons 

oust ..ccoum r ae ..ooiant jacket priming 
mquirement. 

The test article structural jacket was structurally 
designed for the currently predicted Propulsion Test 
Article and X-34 thrust vector control actuator loading 

mw : nm w’ m -mmrnon. it was 

.ssunieu mat me composite lacket would be designed to 
carry ail of the actuator loads. 

Hie basic approach to developing concepts for 
integrating a regeneratively-cooled thrust chamber into 
the Fastrac engine assumes the major components stay 
die same, ana most in die same positions, but ail of the 
econaarv components can re rearranged. Trying to 
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create a regen thrust chamber as a line replacement unit 
and interchangeable with the ablative nozzle seemed to 
be unrealistic. In effect, this produces two different 
Fastrac engines - a regeneratively cooled Fastrac and an 
ablative Fastrac. with the only difference between the 
two engines being the thrust chamber and the size of the 
fuel orifice. The engine must have a horizontal start 
capability, i.e. use in the X-34, so consideration of the 
coolant jacket priming is essential. Relocation of the 
main fuel valve became essential to integration concept 
development. The governing assumptions and ground 
rules for the new fuel flowpath in the regen-engine are 
the following: 

Turbopump relationships remain unchanged 

* Existing propellant inlets to the engine 

* Existing orientation with respect to the injector 

* Existing MOV position 

* Existing belly band 

* Maintain pressure drop within existing fuel orifice 

delta-P 

Horizontal start capability 

* coolant jacket primed at engine start 
MFV can be repositioned 

Existing ignition system 

Maintain injector feed (splitter block and steer horns) as 

similar to existing as possible 

Use existing TVC actuator bracket 

Ancillary engine components suDiect to relocation 

* igniter valves, bypass valves, purge valves. 7CA 
igniter assembly, etc. 

Integrated Engine Concepts 

To demonstrate how ihe regenerativeiv-cooled 
thrust chamber can integrate into the engine system to 
provide a regeneratively cooled Fastrac engine, a. 
coupie of conceptual layouts were developed. A 
concept was developed for an altitude engine with a 
30:1 expansion ratio nozzle, such as the X-34. and for a 
booster vehicle application. The conceptual layouts 
mlv show the major engine components - regen ihrust 
namner. turbopumn. gas generator, main mtector. main 
ici wine, main oxidizer vane, mrnonump nracKet, 
rVC actuator bracket, lox feed line, and fuel feed line. 

X-34 Application 

Figure 2 shows a conceptual model of a 
regeneratively cooled Fastrac engine suitable for the X- 
: research aerospace plane, Hie m ihe governing 
design requirements was the ability to have the coolant 
jacket fully primed at engine start, thus the coolant 
jacket needed to be between the fuel turbopump 
discharge and the main fuel valve. As part of the X-34 
mission profile the vehicle is carried at an altitude of 
-5.000 ft for about ah hour prior to drop and engine 



Eh* lire 2 - i'astrac Engine with Regen-Cooled 
Thrust Chamber for X-34 Application 

Ignition. The ambient temperature at that altitude is 
near the freezing temperature of RP-1. thus a major 
system integration study will have to address that issue. 

The MFV is moved to the opposite side of engine, 
moved up, and uses the same splitter block arrangement 
as the existing engine to distribute fuel to the two sides 
of the injector. The engine svstem is shown with a 
nozzle extension to provide the 30: 1 expansion ratio 
nozzle. The thrust chamber is regenerativeiv-cooled to 
an area ratio of 15:1 and nozzle skirt is connected to a 
flange included as part of the lower fuel manifold, 
'innvn is a ao/zie skirt that is cooled hv dump cooling 
\ transpiration cooling with the gas generator exhaust, 
similar to that used on the Saturn F-l engines. An 
ablative nozzle extension or an uncooled refractory 
metal nozzle could also be used. The low heating rate 
in that portion of the nozzle would allow a properly 
designed ablative nozzle extension to have a life of 
cverat mil-duration msts. The men-temperature 
refractory metal nozzle extension probably would not 
be a good choice for the X-34 application because of 
the radiative heating ioad generated to the aft section of 
the vehicle. 
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Figure 3 - Eastrac Engine with Re gen Thrust 
Chamber for Booster Application 

Monster Applications 

In the SAI 12K engine, the itiel flows from the 
upper manifold directly into the injector luei manifold, 
iius avoiding piping to connect the upper fuel mamlold 
.u the miector. if it is assumed the Fustrac engine is 
started in a vertical configuration, as in a vertical 
akeott launch vehicle application, this same type m 
• v 'stem can he used. The coolant tucket coujd he 


manually pre-primed, or the start sequence modified to 
fill the jacket as part of the start transient. 

Figure 3 shows a conceptual layout for a booster 
application Regen-Fastrac engine. The fuel pump 
discharge is connected to the main fuel valve, which is 
rotated down 180° from its current configuration. The 
MFV feeds the lower manifold. The upper manifold 
feeds the injector directly through holes or slots in the 
thrust chamber flange and the injector. The concept 
model is shown with the 15:1 nozzle used for the test 
article design. The exact nozzle contour would have to 
be optimized for the specific booster vehicle 
application, but that has relatively minor implications 
on the hardware design. 

Design Description 

Figure 4 is a CADD model of the regen thrust 
chamber test article. The coolant jacket is fabricated by 
welding hydraformed copper tubes together to form a 
continuous tubcwail. The regen thrust chamber contour 
is the same as the existing ablative nozzles - wuth one 
exception - the straight segment in the throat has been 
removed. A straight throat section is often used in 
ablative throats, but is unnecessary in a hardwall 
chamber. The major components of the assembly 
include the tubcwail. the lower and upper manifolds, 
and the composite structural lacket. 

Copper tubing, ailov Cl 22, is hydraformed to 
■obtain the correct widths at all axial positions along the 
ttrust chamoer contour to produce a continuous coolant 
jacket. It is formed using two sets of tubes: the first set 
comprise the combustion chamber and nozzle section to 
..n area ratio of about oC:i. The second set of tubes 
arm the nozzle from the 3.5:1 to l5:i area ratios, and 


Splitter Block and 

Adapter Flange .ower Manifold 



Fuel Inlet and / 
Facility Adapter Flange 


Splice Ring 


Plugged 


Figure 4 - Exploded View of Thrust Chamber 
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contain twice as many tubes as the chamber/lhroat 
tubes. A machined copper ring with pass-through slots 
is used to take the coolant How from two nozzle tubes 
into one chamber/throat tube. 

The fuel enters the thrust chamber at the nozzle 
exit with a single inlet duct. The inlet manifold, a 
toroid formed by rolling a piece of stainless steel 
tubing, distributes fuel to each tube through a slot in the 
top of each tube. The torroid is attached to rings 
welded to the tubewall, and the upper support ring 
serves as a transition to the composite jacket. The 
upper manifold contains the thrust chamber flange to 
attach to the injector. The injector interface design is 
exactly the same as the ablative design, with particular 
attention to ensuring the aperture to the injector 
acoustic cavity is the same. Fuel exits each tube 
through a siot in ihe top of each tube to the manifold. 
The upper manifold exit is located 180° from the inlet 
m provide as equal tlow as possible through each tube. 

'."he composite jacket wbrieaiea wing ie 
involute fabrication process, discussed in me next 
section. A graphite/phenoiie preimpregnated fabric was 
selected due to ihc predicted temperature s.t die 
omposite/lubewail interlace. 

mbrication Process Selectio n 

A number ei trade studies were periormea durinu 
iie desisin phase to select the fabrication meihous to ne 
:sed on me test article. 

,n me „SAl 12K thrust cnainner, v/IVAV -.las 
i'ungsten .Arc Welding, often called TIC ] > process is 
ised to join the tubes to form the tube wail and seal hot 
as irom the composite overwrap, file ilG vs eld was 
■ >ed because ot problems with a siiver-sokler wa/e m 
ne 4k re ecu -coo led chamber toniv the cv under section 
i that chamncr was cooled). Mini a toren-nraze 
requires heating a much larger area, creating differential 
normal expansion, contamination problems durum tiie 
urmn of the composite mckcL. .aid Possible 
■■clan lire seal o wes, ’we " ' w: r mv • ■ 

. .c.ii:c c... 

oiisiuered optimum, i'iie two iraumonai memods used 
:o join coolant tubes for rocket engine thrust chambers 
ere furnace brazing and electroplating. 

After reviewing the specifications for furnace 
brazing alloys, we determined that furnace brazing 


■ razing wmperaiure wquireu .nu ne .uued 
eauirements or the assembly tooling. 

.ilectropiating is a joinimz uiethou jor tupcwall 
engines, and is used on SSME, Ariane V, and numerous 
other rocket engines, and seemed like a reasonable 
ternauve tor this application. win concluded wai 
acctropiaimg would be an exceiicnt candidate lor a 


production run of regen-chambers, however for a one- 
unit production the non-recurring engineering and 
tooling costs were prohibitive. 

The SAI 1 2K engine has a graphite composite 
material structural jacket fabricated on top of the 
tubewall and tied into the upper manifold. The SAI 
1 2K uses a liquid injection thrust vector control system, 
so the side force, and resulting bending moment, that 
the jacket must resist is small. The primary load the 
jacket must contain is the combustion chamber hoop 
stress. A composite jacket was proposed for the Fastrac 
chamber using an involute fabrication method. An 
involute composite lay-up is often used for ablative 
solid propellant rocket motor nozzles, so extension of 
the method to this application is somewhat unique. An 
alternative identified in the proposal was to fabricate 
he structural jacket by electroplating nickel on top of 
he tubes. 

An involute lay-up technique means that a 
miposite part is fabricated using individual panels of 
omposite fabric laid on top of each other, each offset 
by some amount. One can envision an involute by 
taking a deck of cards and spreading it out on the table 
with eacn card offset parallel to each other by a set 
.mount. Then take the cards and bend them around a 
nandrei and nick the end ef t he spread out cards 
mderneatn me pegmnmg to iorm a c\ under. A 
omposite lacket can similarly he fabricated for a rocket 
nmne Py takiniz axial strips and individually forming 
,;cn to me contour of the mrusi chamncr using graphite 
her fabric pre- impregnated with resin. An involute 
ubrication technique requires very little tooling and is 
a excellent option lor prototyping. 

v desien trade tudv was developed to weigh 
.privation w the composite jacket witn an involute 
acket versus me more conventional method winding or 
fiber placement. The review determined three critical 
iisadvantaizes to the conventional method. First, in 
rder to use a winciiinr machine for the composite jacket 
■'ansi i ; an .e . pper am ill to die 

..... ..-n'e .wawim. ... ;ui. tooling 

. ouid lie needed at me nozzle exit ana the injector 
interface flange to allow the fibers to wrap around the 
ends (material which would be later cut off), and this 
tooling would be large and could be outside the costs 
budgeted for composite jacket tooling. Finally, the 
mmlw’ -j . worn mem 'mime machine was 

•■.inject to me priorities of the government's use, and as 
mch. could create a schedule problem affecting test 
rticie delivery. Tic primary advantage of the fiber 
winding machine is that the jacket would be applied in 
essentially the same design as the existing ablative 
.tampers. was mimmi/me technical risk. 
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Bartz Equation, Fastrac Engine 


The third alternative evaluated for the structural 
jacket was electroplating a nickel jacket on top of the 
tubewall. Nickel offers a high strength, high modulus 
material and brackets could easily be added by welding 
them directly to the nickel. The attractiveness of the 
nickel jacket exists only if the tubes are joined by 
electroplating. Once it was determined that 
electroplating the tubewall was prohibitively expensive, 
a more detailed investigation of the nickel jacket was 
abandoned. Issues which need further investigation are 
differential thermal expansion and the resulting thermal 
stresses, and crack propagation caused by the 
preferential grain growth direction. 

Prototyping 

A number of prototyping activities occurred during 
the design phase in order to completely understand the 
processes required for fabrication. All processes were 
prototyped which were significantly different than used 
in the 12K thrust chamber, or where the process used in 
the 12K thrust chamber could be improved. 
Prototyping was conducted in three areas, tube welding 
and brazing, tube hydraforming, and composite jacket 
fabrication. 


Design Analyses 

Fluid dynamic and structural analyses were 
conducted as needed to support the test article design 
and to predict the performance of the hardware. Lower 
order calculations and analyses, empirically based and 
simple analytical equations, were generated to begin the 
design while higher order analyses were being 
developed. Computational fluid dynamic analysis of 
the llow through an individual tube was conducted to 
obtain a higher resolution of the lluid behavior in the 
individual tubes. Finite element method structural 
analysis software was used to support the mechanical 
design of the test article. 



Area Ratio Parameter 



Figure 5 - Predicted Heat Flux for Fastrac Engine 

wall as a function of the position along the tube from 
the center of the tube inside the chamber to the center 
of the tube at the interface to the composite jacket. This 
plot shows the predicted temperature across the tube is 
approximately 70°F. It also shows that the temperature 
at the composite jacket interface is approximately 
260°F. Hie heat conduction through the tube and 
predicted inside wall temperature is used with a iiquid- 
Nide convection model to predict the temperature rise in 
the fuel coolant. The predicted bulk temperature rise is 
approximately ]60°F. A pipe-flow, friction factor 
method was used to predict a 22 psid pressure drop in 
the coolant tubes minus the inlet and exit effects. 


Fastrac Tube Transient Analysis 

Steady State Temps 
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Figure 6 - Coolant Tube Temperature Profile at 
the Throat 


FI li id Dynamic Analysis 

Thermal analyses were uevciopeu predict mo 

temperature at the tubewall-composite jacket interface, 
the bulk temperature rise in the fuel, and the coolant 
circuit pressure drop. The analyses were anchored 
against test data from the SAI 12K thrust chamber. A 
hot-gas side prediction was made using the Bartz 
uuation. with correlations to the 1 2K Tala, and is 
diown in Figure 5. 

A 2-D transient model was developed to predict the 
heat transfer in and through the copper tube. The 
transient analysis shows that the engine reaches thermal 
steady-state after 2 seconds of mainstage operation (the 
simulation ignored the* engine start transient). Figure 6 
is a plot of the temperature distribution through the tube 


The computational iluid dynamic iCFD) model 
imuiuteu the flow m eacn oi the tunes, but not the 

inlet, exit, or the tube splice ring. The CFD study 
included the effects of variable properties (density, 
viscosity, specific heat, etc., as a function of 
temperature) and used predicted tube wall temperatures 
generated by the analytical models. The CFD results 
jorreiated very well, predicting a total temperature rise 
of 1 5 8°F and a pressure drop of 24 psid. The CFD 
analysis modeled the boundary layer of the How at the 
hot wall and determined that the conditions required for 
coking of the RP-1 propellant do not exit. 
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Structural Design and Analysis 

As with the fluid dynamic analyses, the structural 
analyses were conducted in two phases, initial hand 
calculations and low-fidelitv finite element method 
(FEM) models were used to size the hardware while 
more detailed FEM models were being developed. The 
structural jacket design requirements were based upon 
the loads from an integrated engine with maximum 
TVC actuator loads. Problems with developing the 
detailed FEM model prevented having the final result 
until after the detailed design was complete. As will be 
discussed, the final FEM analysis indicates the test 
article has sufficient structural margin for engine 
testing, but may not be able to support the pre dicted 
TVC actuator loads. The composite jacket was sized 
using the initial assumption that the jacket carried all of 
the combustion chamber pressure and maximum 
predicted TVC actuator loads. The predicted TVC 
actuator loads are quite high and include peak dynamic 
.oads as static loads - a conservative assumption. Thing 
vendor data for typical graphite/epoxy composite 
materials, a conservative design was chosen to provide 
a wall thickness of 0.25” in the combustion chamber 
and through the TVC actuator position on the nozzle. 
Beyond the TVC actuator the design thickness was 
educed to 0.20 in because little Vau o "resent uui 
.art her tmekness reduction wouid cave wen a 
manufacturing problem. 

The cross-sectional geometries of the coolant tubes 
,s a Junction of axiai position, and the associated wall 
hicknesses, were developed using the low-level FRA 
oltware. The analysis was validated against the 
roven 12K geometry. The design criteria assumed the 
opper tubing had fully anneaied strength properties, 
even though a significant, but variable amount ot coid- 
vorking is present in the tubes after the nyuraforming. 
Thus, anv grain growth, and subsequent reannealing, 
mused bv the heat introduced during the assembly 
voiding is essentially irrelevant. The 2-D transient neat 
easier model was u>co n- sneiic :erma: re. '■ 

i.c . .ne -ail ..iiu . . .-.lie., cc c .,e'- • ...w . ai 

:ucaiiy in high heat transfer areas, nut that iife uue to 
thermal cycle fatigue is of the order of 100 cycles 
' starts to mainstage). 

The detailed model included the internal chamber 
pressure, the internal tube pressure, and the TVC 

nuiviuuaJ tubes, the welds, me splice ring, and the 
composite jacket were limited by the software. A plane 
f symmetry down the center oi the thrust chamber was 
defined and half of the chamber was modeled. Initial 
results of the model seemed to confirm the initial 
jsien results, however vnen :ui s ::ie mads ..ere 
combined, and the meshing problems solved, the model 


predicted negative margins in the tubes in the divergent 
portion of the nozzle between the splice ring and the 
throat. The final model included updated property data 
for the graphite-phenolic jacket. Since the stiffness 
modulus for the composite jacket is less that the 
stiffness of the tubewall, the bending moment from 
applying the TVC actuator load is restrained by the 
tubing instead of the jacket. 

When the graphite-phenolic fabric was received, 
tensile test articles were designed and fabricated in an 
attempt to gather property data for the involute jacket. 
Two tensile test samples were designed - one to obtain 
the bond strength between the jacket and the upper 
manifold and the other to obtain the bulk tensile 
strength in the as-laid configuration. The bond test 
specimen provided results representative of the matrix 
being used. However, the tensile test specimen data 
was inconclusive due to insufficient fiber length. 

Composite materials experts at MSFC were 
onsuued to review the tensile test data and its impact 
m the involute jacket design. It was determined that 
without significant additional testing, the involute 
ticket may not he able to support the design 
;euuiremcnis. However, since structural testing with 
iV’C actuator loads was not in the test plan, and since 
ve actuator leading i- the critical load, the involute 
acket was redesigned using updated design criteria and 
designed for the internal chamber pressure as the 
critical load. The test objectives for the test article can 
nil he met with the enamber, however the design had 
o be further iterated to account for fabrication issues. 

The negative margin predicted in the tubewall as a 
esuit of the tubewall, splice ring, and composite jacket 
;csien indicate the structural design needs to be 
lenificamly readdressed as a follow-on project. 

Fabrication 


Special tooling had to be fabricated for the tube 
■.inning and chamner assembly due to t tic significant 


..Terence*- uwven ; .\i 
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equipment, a 
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mandrel, and miscellaneous assembly fixtures. 

The assembly mandrel and horizontal assembly 
cart is shown in Figure 7. The sections in the 
combustion chamber, the convergent nozzle throat, and 
:iu„i . ; *. crew a i .....mi ■ . .//.c ..re separate 

parts lubricated from low-carbon steel. The remaining 
section of the nozzle was fabricated by applying a thin 
diver :i low-carbon meel on top of a special 
polyurethane foam and metal structure. The foam was 
machined undersized to the desired contour and the 
o//ie ana thermal are- spray metat deposition was used 
to build up a steel shell to the linal dimension. The 
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Figure 7 - Thrust Chamber Assembly Mandrel 


fabrication process for the nozzle mandrel was 
significantly less expensive, than building it by rolling 
and machining steel plate. There was also trie added 
benefit of lower weight and easier to handling. 

Each of the two tube sections were fabricated iisintr 
nydraforming process developed by Space America, 
■nc. for their commercial propulsion systems. After 
each tube was formed to the final shape it was inspected 
tor delects and dimensions. An end plug was GTAW 
■voided into each tube and proof tested to approximately 
o()7r of the nominal operating pressure inside the lube. 

. lie assembly was orv-tii on me a.-mmpp. ■ auuircJ 
aid the lit in the critical regions oi’ the c mnustion 
cnamher ana the no/zie ihroat was excellent • \ n h 
inuallv no caps. '-mure hows m: mhewail 
.ssemnlv during dry-lit. 

GTAW was selected for the tubewah welding 
'ccause the single item production and firm. :;\ed price 
ontract precluded development ot the ciectivpialing or 
iher joining process. Deoxidized copper tiiier rod was 
^ed lor the tuhe-lo-tube weids and aluminum-oron/e 
oiler rod was used to join the copper tubeuail to me 
damless steel manifolds. During welding of the nozzle 
■ me oi the tubes were overheated, which m turn 
.used parnai i local) disintegration oi the mr.ruirci deei 

' ' mnioiv 1 ! W ■’ i-iiM:’ 

•//.jc :a^ , ' pc remiorccu w im -..ei .. c;vw 

x i a I locations. This left unsupported gaps between tile 
iisks. which compromised the desired dimensional 
tolerances of the nozzle. 

Torch brazing was selected for joining the tubes to 
! he splice ring. A silver- bearing braze filler rod was 

..ppiicaiion. Prototype braze joint tests indicated the 
mint design would allow the braze material to (low 
ctween the adjacent tubes and provide a wrong joint 
with no leakage. After brazing of the splice ring tubes, 
significant amount of repair had to he made, and 
-ccpicu .aviations a ae mice me miner 



Figure S Dry -fit ofTubewall Prior to Welding 


xacerbated the brazing. The resulting braze joint is 
Pineticaiiv poor. : contains a -cal p.ieh spots which 
may generate small disturbances in me nozzle llow. 
.owever they are not expected 10 generate shock 
aduced hot-spots. 

x In ic these mechanical liaws exist, the v will not 
uiect meeting the test objectives lor the thrust chamber 
aid arc maior lessons learned lor sunseuuent chambers, 
■my oeriormaiice decrease from me non-optimum 
:o//ic Tiape snouid be minor, but thrust cannot be 
measured at the test facility, o the performance loss 
wmnot ne determined. 

The original composite jacket design used fabric 
meces cut on the bias with respect to the fiber direction, 
bus allowing p w in* -niormcd " ' ae convex and 
c;p. • . a-. acn ‘pp- - e acket -as 

• - s-d.i .. ...airc ..:at ..per. - :a . ..e direction oi 
ae iioop stress m me combustion chamber - Lhe 
governing load for the lest article - the involute design 
had to be modified to build up tiie throat region to 
reduce the amount of contour change. Figure 9 shows 
the chamber during fabrication of the involute jacket. 

>wa ... .a j prior to me 

ana lay-up oi the involute pieces to neip secure the 
pieces during the lay-up and to help bond the jacket to 
ae tubcwaJi. *4 Thermocouples ana p .strain gages 
were attached to the metal tubewall prior to applying 
the resin and involute lav-up to provide test data during 
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Figure 10 - Chamber During Composite 
Jacket Fabrication 

Inc huiiil-un regions were vacuum hag debuikeu 
iayors were applied and the linai involute assemniv was 
jebulkcd prior to the vacuum bag cure cycle. 

Hie completed thrust chamber is shown in Figure 
. 1. Al>o shown is the upper mannold elbow Mock ana 
: he fuel adapter block. 

Pesign/Process Improvements and Future Work 

Depending upon future applications of the Fastrac 
neme. and t he need to take advantage 01 t he 
. egenerauvelv cooled thrust chamner. a few remaining 
issues must be worked before fabrication of additional 
thrust chambers can begin. Lessons learned during the 
fabrication of the test article indicate that design and 
" vess ::nnro\ ements are needed '::e . i-.unt -arc’.: it 

ora/me p: mCc:..-.cs., ... . .av .dia..d. a n. 

aid me composite jacket design .mu taoncation 
process. 

While the lest article was not designed to be a light 
weight test article, it is approximately the same weight 
as the 15:1 ablative nozzle. The design of the upper 

; ' ■■ mam f 'Ids /.and • ■ 

vctgnt. and optimizing the lube joining process and 
composite jacket fabrication would also save weight, 
fonservatively. a light-weight \ersion H -lie regen 
thrust could save 1 0%-20% of the weight of the 
ablative nozzle. 


Design Improvement Areas 

A laser brazing technique for joining the tubes has 
been experimented with, and appears promising. This 
process could significantly improve the time associated 
with the coolant circuit fabrication. Since the involute 
composite jacket design does not appear to have 
adequate strength, a new design and associated 
fabrication technique is needed. 

The bifurcation joint must be redesigned due to the 
problems encountered during the brazing. The major 
problem was the ability to machine a large piece of 
copper into a small, relatively low mass part. It became 
difficult to control, and copper is notoriously hard to 
machine because as it is cut with the machine tool it 
becomes dimensionally unstable. A second problem 
with the current splice ring design was the difficulty in 
sealing the vertical intratube leakage, i.e. the leakage 
between the vertical sections of two tubes. Here, the 
torch braze material could not llow together from the 
.op ana bottom to form a good seal, ironically, this 
nroblem was a result of the tubes tilting together too 
well. 

Future Work 

At this time, there are no plans to integrate a 
ouenerativeiv-cooied thrust chamber into the MC-1 
engine as the propulsion system tor the A-o4. A regen 
hrust chamber could reduce program risk by 
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eliminating the need to replace thrust chambers after 
each flight. A comprehensive development program is 
needed to develop the technology and design to produce 
an integrated regeneratively cooled Fastrac engine. The 
path is defined by four major steps; thrust chamber 
process improvements, detailed integration layout, 
detailed integration design, and component and engine 
testing. 

Test Article Testing 

Tests are expected to be conducted at MSFC’s test 
facility in October 2000, depending on test stand 
availability and MSFC priorities. The test objectives 
are: 

• To demonstrate integrity of the test article and assess 
practicality of upgrading the Fastrac engine to a fully 
reusable engine by incorporating a regeneratively cooled 
thrust chamber into the design. 

• To determine pressure drops in the fuel circuit and 
therefore assess ease of integrating the regeneratively 
cooled chamber into the Fastrac engine and power 
balance. Overall pressure drop in the fuel circuit is 
estimated to be less than the pressure drop in the current 
calibration orifice between the fuel pump discharge and 
the injector. 

• To compare measured temperatures on the combustion 
chamber structure with analytical predictions, to confirm 
predicted temperatures and heat transfer rates, and to 
assess cooling margin for the regeneratively cooled 
chamber. 

The chamber wail is instrumented with 41 
thermocouples attached to the outside ot the copper 
tube wall. These were installed belore the overwrap 
was put on the chamber. Thermocouple probes are 
located in the fuel inlet and outlet manifolds to measure 
bulk fuel temperature rise in the cooling jacket. 

Pressure taps are located on the fuel inlet and outlet 

manifolds, in the injector, and located in the thrust 
chamber head-end manifold ;o measure combustion 

.number pressure ram cages „;e msw me^eu ai n.c 

tubewall. 

All hot-fire tests will use the standard start 

sequence for a component-level, thrust chamber 
assembly test. Following checkouts, three hot-fire tests 
are planned: 

'0-second test with LCX f !?w at s'aae i cr.ri ?- : i fee* f'ow. 

in this condition, the LOX flow is metered by the LOX 
valve and the fuel flow is metered by the facility cavitating 
venturis. Chamber pressure is predicted to reach about 

400 psia. 

• 30-second mainstage test, targeting nominal chamber 

oressure 633 psia. * 


• 150-second (full duration) mainstage test, targeting the 

same condition. 

Summary 

A low-cost regenerativeiy-cooled thrust chamber has 
been developed for the Fastrac engine, and a proof of 
concept test article is awaiting test stand availability. 
The cost of the regen chamber is expected to be 
approximately 2.5 to 3.5 times the cost of the current 
ablative nozzles, but it is expected to have at least 3 
times the life. The exact cost is difficult to determine 
until the identified process improvements are completed 
and a nozzle skirt designed. The future of the Fastrac 
engine and the Fastrac engine is unknown, so further 
development of this thrust chamber is unknown. 

Acknowledgements 

The authors would like to acknowledge the support 
nf it's major subcontractors: Advanced Composite 
Technologies and Associates, Inc., Huntsville, AL; 
Microcraft, Inc, Huntsville, AL and Lacey’s Spring, 
AL; Metal Research. Inc., Guntersville, AL; Accurate 
Machine & Tool, Inc.. Madison, AL; and Propulsion 
Research Center, University of Alabama in Huntsville, 
Huntsville. AL; and numerous reviewers in the Space 
Transporation Directorate and ihe Engineering 
Directorates at NAS A/MS FC. 


American institute of Aeronautics and Astronautics 


